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HARDWARE METAPAPER
CubeFactory2 – an Off-Grid and Circular 3D-Printing 
Mini-Factory
Bernd Muschard* and Jérémy Bonvoisin†
The CubeFactory2 is a self-sufficient and luggage-sized production unit illustrating the concept of 
 sustainable manufacturing through circularity and resource conservation. It is circular in the sense that 
it can create new products out of waste. It embeds a Fuse Filament Fabrication 3D-printer whose input 
material is supplied by a recycling unit producing filament out of thermoplastic waste. It saves resources 
in the sense that it embeds renewable energy and material supply to recycle and 3D-print without the 
need for further infrastructure. In its current state of development, the purpose of the CubeFactory2 is 
 primarily illustrative and to support awareness on sustainable manufacturing. If offers an  experienceable 
application of the concepts of circularity and resource conservation. The long term vision is to take 
advantage of its compactness, portability and autonomy, in order to enable fabrication in areas of low 
infrastructure.
The CubeFactory2 combines off-the-shelf and custom subsystems, the four mains of which are a 
3D-printer, a recycler, an energy supply unit, and a casing. The present hardware meta-paper describes 
the design rationale of these systems and offers complementary information to the published open 
source hardware design files. Great care has been paid in the design process to enable replicability by 
using standard components when possible and releasing all documentation of bespoke elements following 
open source standards. This article should contribute to make this functional proof of concept ready for 
 replication and for further development towards a market-ready product.






or	 academic	 staff,	 engineering	 and	 technical	 staff	 of	
charity	associations,	NGOs	and	scientific	staff.	For	us-
ing	 the	 CubeFactory2:	 secondary	 school	 students,	
	layperson,	and	undergraduate	students.






























communities	 and	 markets	 reacted	 to	 this	 context	 and	
developed	 plastic	 filament	 recyclers	 as	 part	 of	 the	 solu-
tion	to	cope	with	plastic	waste.	Noteworthy	examples	of	
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open	 source	 recycling	 devices	 are	 the	 Precious	 Plastics’	
Extrusion	Machine1	or	Felfil2.
Nonetheless,	 filament	 recyclers	 have	 only	 been	 devel-
oped	as	freestanding	machines	so	far.	The	CubeFactory2	




(2)	 a	 self-sustaining	 energy	 supply	 unit	 in	 the	 form	 of	
photovoltaic	panels	with	batteries,	and	(3)	an	open	source	
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device	 exemplifies	 the	 concept	 of	 sustainable	manufac-
turing	 through	 circularity	 and	 resource	 conservation.	 It	
is	circular	 in	 the	sense	that	 it	enables	closed-loop	mate-
rial	 cycles	by	 creating	 input	material	 for	 the	 creation	of	
new	products	out	of	plastic	waste.	Resource	conservation	
is	 exemplified	 through	 the	 autonomy	provided	by	 solar	
panels	and	the	resource-saving	potentials	of	additive	man-

















The	 device	 is	 a	 combination	 of	 off-the-shelf	 and	 self-
developed	subsystems.	Table 1	summarizes	which	of	the	
subsystems	 are	 original	 developments	 or	 off-the-shelf	
components	and	which	of	them	are	open	source	or	propri-
etary.	 All	 original	 developments	 have	 been	documented	
sufficiently	 to	 ensure	 the	 four	 freedoms	of	 open	 source	
(Bonvoisin	 et	 al.	 2017)	 and	 have	 been	 released	 with	 a	
license	compatible	with	the	requirements	of	the	OSI	(Open	
Source	 Initiative)3.	 Therewith,	 the	 CubeFactory2	 is	 com-
patible	with	the	certification	criteria	of	the	Open	Source	
Hardware	 Association.4	 In	 this	 document,	 off-the-shelf	
components	 are	 clearly	 identified	 as	 such.	 Appropriate	
references	 and	 specifications	 of	 these	 components	 are	
given	 in	 the	 full	documentation,	either	 in	 the	 text	or	 in	
the	bill	of	materials.
Overall Implementation and Design
The	 CubeFactory2	 is	 composed	 of	 four	 subsystems	
described	 separately	 in	 the	 following	 subsections.	 The	
recycler	 aims	 at	 producing	 FFF-ready	 filament	 out	 of	
sorted	thermoplastic	waste,	typically	ABS	casings,	PET	bot-
tles	or	PLA	3D	printing	misfits.	The	3D-printer	fulfils	the	
main	 function	 of	 the	 CubeFactory2,	 that	 is,	 to	 produce	
3D-objects	printed	by	Fuse	Filament	Fabrication.	Both,	the	
recycler	and	the	3D-printer	are	driven	by	the	energy	sup-
ply	subsystem	and	are	enclosed	 in	 the	 flight	case	which	













The	 recycler	 performs	 two	 process	 steps:	 granulation	
and	 extrusion.	 Input	 material	 is	 first	 granulated	 by	 a	
mechanical	 shredder	 (a)	 into	 small	 chips	 which	 are	 fed	
through	gravity	 into	a	hopper	 (b)	at	 the	entrance	of	the	
screw	extruder.	The	shredder	is	made	of	a	reused	post-use	











tively	 by	 a	 shared	powertrain	which	has	 to	 be	 switched	
manually	 between	 two	 positions	 (f	 and	 g).	 This	 implies	
that	 the	 recycler	 can	 only	 alternatively	 shred	 material	
or	extrude	 it.	 This	 solution	has	been	chosen	 in	order	 to	
reduce	component	redundancy	and	therewith	to	increase	
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The	 extrusion	 process	 can	 be	 adapted	 depending	 on	
the	material	 by	 adjusting	 the	 heating	 temperature	 and	
the	rotating	speed	of	 the	worm	screw.	The	heating	tem-
perature	can	be	adjusted	and	maintained	over	time	with	
the	 help	 of	 an	 in-built	 temperature	 controller	 (also	 off-
the-shelf).	 The	 sleeve	 heater	 is	 dimensioned	 to	 reach	 a	
maximum	temperature	of	250°C,	which	has	been	deemed	
as	 high	 enough	 to	 process	 the	 targeted	 plastic	 types.	
Nozzles	can	be	swapped	in	order	to	produce	either	ø1.75	









controller	 (Maximum	 Power	 Point	 Tracking).	 These	 are	
either	bespoke	or	off-the-shelf	components,	so	only	their	
combination	and	wiring	is	reproduced	here.	Attention	has	





The	PV	modules	 convert	 sunlight	 directly	 into	 electri-
cal	direct	current,	allow	to	operate	the	energy-using	sub-
systems	and	to	charge	the	battery	storage	system.	The	PV	
modules	 themselves	 consist	 of	 three	 bespoke	 foldable	
Si-mono	modules	fitting	the	dimensions	of	the	flight	case	
once	 folded.	 Altogether,	 unfolded,	 the	 three	 modules	
reach	a	surface	of	approximately	three	square	meters6	and	
have	 a	 cumulated	 nominal	 output	 power	 of	 (145W	per	
module).	The	function	of	the	battery	storage	system	is	to	
store	the	energy	surplus	generated	by	the	PV	modules,	to	
compensate	 the	 irregular	 voltage	and	current	generated	
Figure 5:	Plastic	chips	produced	by	the	shredder	(PET	from	“Muellermilch”	bottles	and	mixed	other	objects).
Figure 6:	Electrical	wiring	of	the	recycler.
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by	the	PV	modules,	and	to	enable	3D	printing	in	absence	
of	direct	daylight.	It	is	implemented	by	a	LiFePO4	battery	





PV	 modules	 and	 continuously	 computes	 the	 optimum	
operating	point	in	terms	of	input	and	output	power.	The	
electrical	 wiring	 of	 the	 three	 components	 contributing	




to	 reduce	 the	 electrical	 current	 and	 associated	 hazards.	
While	 the	 3D	 printer	 runs	 on	 12V	 DC	 and	 would	 not	
need	any	current	 transformation,	 it	 is	wired	 through	an	




Alternatively,	 the	 in-built	240V	AC	 to	12V	DC	 converter	








for	 around	 six	 hours	 with	 a	 heating	 bed	 and	 12	 hours	
without	 at	 80%	maximum	battery	 discharge.	 The	maxi-
mal	power	consumption	of	the	recycler’s	motor	is	240W	









the	 planetary	 gear.	 The	 heating	 sleeve	 is	 thermally	well	
isolated,	 only	 operate	 at	maximum	power	 at	 the	 begin-














of	 its	 compactness,	 the	 maximal	 printing	 dimensions	
are	215	×	210	×	180	mm,	which	amounts	to	a	volume	of	








are	 enclosed	 in	 a	 0.17	m3	portable	 flight	 case	 equipped	
with	handles	and	wheels	 for	ease	of	 transportation	 (off-
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of	the	originally	IP76-rated	case,	lowering	its	performance	
to	IP65	(protection	against	dust	and	water	jets,	own	esti-








Risk	 of	 electrical	 shock	 should	 be	 considered	 while	








the	 recycler.	 The	 stepper	 motor	 powering	 the	 recycler	
should	be	strong	enough	to	break	small	plastic	parts	but	
too	weak	to	cause	injuries.	The	plastic	waste	input	cham-
ber	has	 been	designed	 to	be	 “finger-proof”	 so	 it	 should	




have	 to	 be	 considered	while	 using	 the	 recycler	 and	 the	
3D-printer	 (Stephens	 et	 al.	 2013).	 Incorrect	 use	 of	 the	






In	 contrast	 to	 lithium	 polymer	 batteries,	 the	 LiFePO4	
battery	 is	 not	 considered	 as	 self-inflammable.	 However,	
short	 circuits	 and	 inappropriate	 damaging	 mechanical	













the	 distance	 between	 the	 nozzle	 and	 the	 print	 bed.	
For	 this,	 refer	 to	 the	 Prusa	 i3	 Hephestos	 instruction	
manuals.7	 The	 photovoltaic	 panels	 may	 require	 in-use	
	calibration	in	order	to	find	the	best	radiation	angle.	The	
CubeFactory	does	not	include	any	automation	regarded	
to	 optimal	 angle	 search.	 This	 has	 to	 be	done	manually	
during	operation.









can	 undergo	 plastic	 transformations.	 The	melting	 point	
marks	the	transition	between	solid	and	liquid	states.	The	
optimal	 extrusion	 temperature	 lays	 in	 a	 region	 below	




additives	 in	 the	material	may	exhaust,	 leading	 to	poten-
tially	harmful	gaseous	emissions	as	well	as	to	significant	









speed,	which	 in	 turn	depends	on	 the	 spindle	 speed	and	
the	inclination	of	the	extruder	screw	thread.	At	high	extru-





All	 subsystems,	 as	 well	 as	 the	 CubeFactory	 as	 a	 whole,	
were	tested	and	adapted	in	iterative	development	cycles.	





stronger	 to	 the	detriment	of	 the	weight.	However,	 since	
all	 subsystems	 were	 extensively	 tested	 in	 advance,	 the	
changes	were	often	small	or	easy-to-implement.















































misfits	 (see	some	examples	 in	Figure 8).	Tests	with	ABS	





Since	 the	 recycler	 is	 not	 equipped	 with	 an	 extrusion	
puller	to	control	the	tension	of	the	extrudate,	the	diam-
eter	 of	 the	 produced	 filament	 may	 vary.	 This	 variance	
showed	 to	be	within	 the	 range	of	 tolerance	of	common	
FFF	3D	printers	and	does	not	impede	the	ability	to	print.	
Nonetheless,	 thicker	 or	 thinner	 spots	 lead	 to	 over-	 or	
under-extrusion	and	significantly	reduce	the	regularity	of	
the	printing	process.	This	 irregularity	can	be	reduced	by	
using	 printing	 nozzle	with	 higher	 diameter	 outlets	 (e.g.	
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Parallel	 experiments	 aiming	 to	 assess	 the	deviation	of	
mechanical	 properties	 between	 virgin	 and	 industrially	
recycled	ABS	and	PET	filament	showed	that	some	altered	
mechanical	 properties	 are	 to	 be	 expected	 (Tam	 et	 al.	
2016).	These	results	are	summarized	in	Table 3.	They	have	
however	been	produced	on	a	number	of	 samples	which	






significant	 number	 of	 extruded	 filaments	 and	 3D	 print	
samples	 should	 be	 the	 object	 of	 further	 development	










rial	 compatibility	 for	 recycling	 (e.g.	Bishop	1999	p	401).	











–	 Use	 a	 constant	 and	 reliable	 source	of	plastic	waste	




may	 contain	 inconsistencies,	 bubbles	 or	 rests	 from	
previous	extrusion	jobs.
–	 Avoid	 recycling	 the	 same	material	 too	many	 times,	
since	 each	 recycling	 cycle	 degrades	 the	 material	
properties	to	some	extent.
–	 Add	 some	 virgin	 plastic	 in	 the	 recycling	 mix	 (e.g.	
20–30%)	to	improve	the	quality.
(3) Application
Consequently	 to	 the	 above	 mentioned	 limitations,	 fila-
ment	produced	by	the	recycler	may	be	suitable	for	printing	
jobs	of	 low	requirements	 in	terms	of	resolution,	regular-





Education to sustainable manufacturing




observation	 and	 abstract	 reconceptualization	 of	 these	
concepts	 exemplified	 by	 the	 portable	 mini-factory.	 By	
producing	an	object	by	themselves	with	the	3D-printer,	
they	 can	 learn	 which	 means	 of	 production	 (machines)	
and	inputs	(material,	energy	and	information)	this	activ-
ity	implies.	Using	the	recycler,	they	can	experience		critical	
steps	 of	 recycling	processes	 such	 as	material	 identifica-
tion,	 sorting	 and	 processing.	 By	 feeding	 the	 recycled	
	filament	 into	 the	 3D-printer,	 they	 can	 understand	 the	
concepts	 and	 the	 limits	 of	 circular	 economy.	 This	 illus-
trates	through	a	practical	example	that	waste	is	a	valuable	
resource	that	can	to	a	certain	extent	be	put	to	new	use.	





size,	 the	 CubeFactory2	 is	 easy	 to	 transport	 to	 schools.	
The	quality	of	the	printed	filament	is	sufficient	to	make	
modest	 prints	 and	 therefore	 illustrate	 the	 concept	 of	
closed-loop	 material	 cycle	 and	 the	 limits	 of	 material	
recycling.
Value creation in areas with low infrastructure
As	a	long	term	vision,	the	CubeFactory2	could	offer	an	off-
grid	portable	production	unit	which	is	independent	from	

















ABS (virgin) 33.7 5.48 51.92 8.6
ABS (recycled) 24.7	(–27%) 5.29	(–3%) 42.61	(–18%) 7.8	(–9%)
PET (virgin) 65.9 5.02 95.98 16.2
PET (recycled) 35.4	(–46%) 2.87	(–43%) 52.31	(–46%) 10.4	(–36%)
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Reuse potential and adaptability
The	CubeFactory2	is	no	longer	developed.	Any	replication	
and	contribution	to	the	 improvement	of	 the	current	ver-
sion	and	 its	 subsystems	 is	welcomed	and	encouraged,	 as	
well	as	any	dissemination	activity	towards	the	realisation	of	
the	use	cases	described	above.	For	more	information	about	
the	 improvement	 potentials	 identified	 by	 the	 authors,	
please	refer	to	section	“future	works”.
(4) Build Details
Availability of materials and methods
Attention	 has	 been	 paid	 to	 build	 the	 CubeFactory	 with	
either	 standard,	 open	 source	 or	 self-developed	 compo-
nents.	 However,	 some	 of	 the	 subsystems	 such	 as	 the	
	casing	and	the	PV	modules	are	either	bespoke	parts	or	off-







nomenclature,	 references	 to	 standard	 part	 designations,	
the	 related	 part	 functions,	 quantities,	 unit	 prices	 and	
related	CAD	models.	The	complete	set	of	CAD	models	for	
manufacturing	the	custom	parts	is	also	available	in	origi-
nal	 format	 (SolidWorks)	 as	 well	 as	 in	 exchange	 formats	
(STEP	 and	 STL).	 Technical	 drawing	 with	 exploded	 views	










Building	 the	 CubeFactory2	mainly	 requires	mechanical,	
electronic	 and	electrical	 assembly	 skills.	 The	mechanical	
assembly	does	not	require	advanced	skills.	The	electronic	
assembly	may	require	a	basic	understanding	or		electrical	
engineering.	 The	 assembly	 of	 the	 photovoltaic	 energy	
	system	must	 be	 performed	 or	 supervised	 by	 a	 qualified	
electrical	engineer.
Some	parts	of	the	recycler	are	custom	built,	especially	
the	 cutting	 unit.	 Simple	 parts	 have	 been	 3D-printed	 or	
machined	and	more	complex	parts	have	been	produced	




Operating software and peripherals
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ent	 to	 any	 other	 external	 software	 or	 programming	
	framework.
Hardware documentation and files location
Archive for hardware documentation, modifiable design 




















manufacturing.	 This	 paper	 described	 the	 overall	 system	
design	and	those	of	the	four	main	subs-systems,	namely	


















er	 with	 alternative	 current.	 Given	 minor	 modifica-
tions,	the	12V	DC	current	required	by	the	3D-printer	







–	 Reducing	 the	 design	 complexity	 of	 the	 shredder	 to	
avoid	the	use	of	advanced	manufacturing	processes	
such	as	Selective	Laser	Melting.
–	 Perform	 systematic	 tests	 to	 characterize	 the	 quality	
of	the	extrudate	yielded	by	the	recycler,	e.g.	compare	
the	 mechanical	 properties	 of	 parts	 printed	 out	 of	
	virgin	and	recycled	materials,	characterize	the	regu-
larity	 of	 the	 yielded	 filament,	 and	 identify	 optimal	
extrusion	conditions.
–	 Allow	 a	 simpler	 mechanism	 to	 switch	 the	 	motor	
between	the	extruder	and	shredder	position.	 In	 the	






from	other	 recyclers	 that	have	been	developed	 and	





















tributed	 to	 the	 development	 of	 the	 CubeFactory2,	 who	
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Collaborative	 Research	 Center	 1026	 “Sustainable	Manu-
facturing	–	Shaping	Global	Value	Creation”	funded	by	the	
German	 DFG	 (Deutsche	 Forschungsgemeinschaft).	 The	
documentation	 as	 open	 source	 hardware	 has	 been	 sup-
ported	 by	 the	 French-German	 interdisciplinary	 research	
project	“Open!	–	Methods	and	tools	for	community-based	
product	 development”,	 which	 is	 jointly	 funded	 by	 the	
French	and	German	national	science	agencies	ANR	(Agence	
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